We present angular diameters for 42 luminosity class I stars and 32 luminosity class II stars that have been interferometrically determined with the Palomar Testbed Interferometer. Derived values of radius and effective temperature are established for these objects, and an empirical calibration of these parameters for supergiants will be presented as a functions of spectral type and colors. For the effective temperature versus (V − K) 0 color, we find an empirical calibration with a median deviation of ∆T = 70K in the range of 0.7 < (V − K) 0 < 5.1 for LC I stars; for LC II, the median deviation is ∆T = 120K from 0.4 < (V − K) 0 < 4.3. Effective temperature as a function of spectral type is also calibrated from these data, but shows significantly more scatter than the T EFF versus (V − K) 0 relationship. No deviation of T EFF versus spectral type is seen for these high luminosity objects relative to luminosity class II giants. Directly determined diameters range up to 400R ⊙ , though are limited by poor distance determinations, which dominate the error estimates. These temperature and radii measures reflect a direct calibration of these parameters for supergiants from empirical means.
INTRODUCTION
Supergiants are the signposts that call out the extremes of the land of stellar existence in many regards -mass, composition, nucleosynthesis, linear size, temperature, and mass loss. As probes of the Eddington limit , supergiants help define the nature of hydrostatic equilibrium in stellar atmospheres. Over the past century, establishment of fundamental stellar parameters for these objects has remained a regime dominated by spectroscopic characterization (see, for example, Morgan & Keenan (1973) ). While our understanding of the atomic, molecular, quantum mechanical, and radiative transfer physics that governs such characterization has attained a degree of magnificently exquisite precision, it remains a characterization of macroscopic parameters through a fundamentally microscopic means.
The advances of stellar interferometry over the past two decades have greatly enabled independent investigations of the macroscopic stellar fundamental parameters -particularly temperature and linear radius -from quantification of the stars on macroscopic scales; namely, through measurement of their angular sizes. A review of the CHARM2 catalog (Richichi et al. 2005 ) reveals that angular radius measurements of 58 Luminosity Class I (supergiants) and 38 Luminosity Class II (bright giants) have been made to date. However these data are contained in 35 unique studies in a variety of wavelengths and with inhomogeneous calibrations and analysis techniques.
In contrast to that menagerie of studies, we present a single data set from the Palomar Testbed Interferometer (PTI) specifically aimed at the characterization of supergiant effective temperatures and linear radii. PTI has previously been employed to establish such parameters for giant stars (van Belle et al. 1999) and Mira variables (Thompson et al. 2002a,b) , and has shown itself to be uniquely capable in conducting large surveys of stellar angular size. This paper provides the largest homogeneous data set of this kind and doubles the library of angular size data on giants and supergiants.
OBSERVATIONS
PTI is an 85 to 110 m baseline H-and K-band (1.6 µm and 2.2 µm) interferometer located at Palomar Observatory in San Diego County, California, and is described in detail in . It has three 40-cm apertures used in pairwise combination for measurement of stellar fringe visibility on sources that range in angular size from 0.05 to 5.0 milliarcseconds, being able to resolve individual sources with angular sizes θ > 1.0 mas in size. PTI has been in nightly operation since 1997, with minimum downtime throughout the intervening years. The data from PTI considered herein covers the range from the beginning of 1998 (when the standardized data collection and pipeline reduction went into place) until the beginning of 2008 (when the analysis of the data presented in this manuscript was begun). In addition to the supergiants discussed herein, appropriate calibration sources were observed as well and can be found en masse in van Belle et al. (2008) .
The calibration of the supergiant visibility (V 2 ) data is performed by estimating the interferometer system visibility (V 2 SYS ) using the calibration sources with model angular diameters and then normalizing the raw supergiant visibility by V 2 SYS to estimate the V 2 measured by an ideal interferometer at that epoch (Mozurkewich et al. 1991; van Belle & van Belle 2005) . Uncertainties in the system visibility and the calibrated target visibility are inferred from internal scatter among the data in an observation using standard error-propagation calculations ). Calibrating our point-like calibration objects against each other produced no evidence of systematics, with all objects delivering reduced V 2 = 1. PTI's limiting night-to-night measurement error is σ V 2 SYS ≈ 1.5 − 1.8%, the source of which is most likely a combination of effects: uncharacterized atmospheric seeing (in particular, scintillation), detector noise, and other instrumental effects. This measurement error limit is an empirically established floor from the previous study of .
From the relationship between visibility and uniform disk angular size (θUD),
, where J1 is the first Bessel function and spatial frequency x = πBθUDλ −1 , we may establish uniform disk angular sizes for the supergiants observed by PTI since the accompanying parameters (projected telescope-totelescope separation, or baseline, B and wavelength of observation λ) are well-characterized during the observation. This uniform disk angular size will be connected to a more physical limb darkened angular size (θLD) in §3.4.
SUPPORTING DATA

Spectral Type
For consistency of spectral typing, we attempted to resolve spectral type and luminosity classification of our targets using typing from Morgan, Keenan, and their co-workers Morgan & Keenan 1973; Keenan & McNeil 1989 , 2006 . However, in a few cases, such typing was not available, and alternate sources were used.
Spectral Energy Distribution Fitting
For calibrator stars and the science targets observed in this investigation, a spectral energy distribution (SED) fit was performed. This fit was accomplished using photometry available in the literature as the input values, with template spectra appropriate for the spectral types indicated for the stars in question. The template spectra, from Pickles (1998) , were adjusted by the fitting routine to account for overall flux level, wavelength-dependent reddening, and an initial angular size estimate; effective temperature was fixed for each of the library spectra based on the spectral type and luminosity class of the spectra.
Reddening corrections were based upon the empirical reddening determination described by , which differs little from van de Hulst's theoretical reddening curve number 15 . Both narrowband and wideband photometry in the 0.3 µm to 30 µm were used as available, including Johnson U BV (see, for example, ; Moreno (1971) ), Stromgren ubvyβ (Piirola 1976 ), 2Mass JHKs (Cutri et al. 2003 , Geneva (Rufener 1976), Vilnius U P XY ZS (Zdanavicius et al. 1972) , W BV R (Kornilov et al. 1991) , and IRAS 12 µm flux (Neugebauer et al. 1984) ; flux calibrations were based upon the values given in . Magnitudes at 12 µm were established from the IRAS flux values using the relationship found in .
From the spectral type and luminosity class as discussed in §3.1, template spectra were fitted to the photometric data. The best SED fit thus provided, for each star, estimates of the bolometric flux (FBOL), angular size (θEST), and reddening (expressed as magnitudes of visiual reddening AV). The results of the fitting are given in Tables 6 and 7 , and an example SED fitting plot is given in Figure 1. 
Distance
Given the poor relative accuracy of the distances in the Hipparcos catalog (Perryman et al. 1997 ) (unsurprising given the extreme distance of these objects relative to the majority of Hipparcos objects), we opted to use the estimates of for those objects found in that analysis, where available, reverting to the Hipparcos values for those stars not found in .
Limb Darkening
Using the coefficients found in , a lookup table was generated to convert our initial uniform disk measurements of angular size into limb darkened disk measures appropriate for consideration of parameters such as effective temperature and linear radius. provide a grid of multiplicative conversion factors, θLD/θUD, derived from Kurucz model stellar atmospheres. To utilize the data found in this work, the data relevant to PTI's near-infrared bandpasses was extracted to synthesize the aggregate effect across the broadband filters of PTI. From the uniform disk diameter of a star, combined with its bolometric flux, a rough estimate of its temperature was established. Surface gravity, while provided in , is not a significant factor in establishing the conversion factor in the log(g) = 0 to 1 range relevant for the supergiants being investigated in this work. The temperature-dependent conversion factors are presented in Table 1 . Based on that temperature estimate, a θLD/θUD cofficient was established, and an estimate of θLD was derived from θUD.
Although this approach could be considered circular -the θLD/θUD coefficients are selected from an initial estimate of T from θUD, and then are used to revise the estimate of T -the coefficients are sufficiently small in this application that a more proper, recursive approach is not necessary. In general, the application of the θLD/θUD coefficients revise the stellar effective temperatures downward by ∆T = −56K, a shift that is sufficiently fine with respect to the θLD/θUD grid that no further consideration is necessary. (Pickles 1998 ) being fit to the wide-and narrow-band photometry available for the star. Vertical bars are errors associated with the photometric data; horizontal bars represent the bandwidth of each photometric data point. Table 1 . K-band uniform disk-to-limb darkened disk multiplication coefficients extracted from . 
Supergiant Temperatures and Linear Radiifrom
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Dereddened Stellar Colors
Given the value for AV derived during the SED fit in §3.2, we may assume a standard RV = 3.1 wavelength progression of reddening to establish values for K-band reddening (AK = 0.11AV) and reddening at 12 µm (A [12] = 0.028AV) . From these reddening parameters, 'true' values for V0, K0, and [12]0 were established for the stars in this investigation. 1/4 . The limb darkened angular size is utilized here as a reasonable proxy for the Rosseland angular diameter, which corresponds to the surface where the Rosseland mean optical depth equals unity, as advocated by Scholz & Takeda (1987) as the most appropriate surface for computing an effective temperature.
OBSERVED STELLAR PARAMETERS
Effective Temperature versus V-K Color
The resulting values are plotted as a function of (V − K)0 and (K − [12])0 colors in Figures 2 and 3 , respectively. For the first color, a fit of the data for both luminosity classes produces the relationship:
with a reduced chi-squared value of χ 2 ν = 2.90. This empirical calibration has a median deviation of ∆T = 70K in the range of 0.7 < V − K < 5.1 for LC I stars; for LC II, the median deviation is ∆T = 120K from 0.4 < V − K < 4.3.
Of particular interest is comparison of these results with those for giant stars found in van Belle et al. (1999) . At first inspection, it appears the supergiants are, for a given temperature, slightly bluer than the giant stars. However, this appears within the statistical uncertainty; it is also worth noting that (due to the modeling constraints of the time) the approach to reddening in the giant star paper is markedly less sophisticated than the one employed here. It is our expectation that improved values for AV for the giant stars will have the potential to shift the relationship derived in that paper to the left, overlapping with the one established here.
For comparison, we may examine the data found in Levesque et al. (2005) , derived spectroscopically for supergiants. The color-temperature points found in that investigation are also plotted in Figure 2 , and upon inspection of the solid line fit to the PTI data, appear to be cooler. However, the average value of the disagreement is ∆T = 60 ± 85K overall, which is not statistically significant; for those stars in the range of 3.0 < (V − K)0 < 4.5, that disagreement is ∆T = 75 ± 70K, which is a bit more meaningful, but only slightly so.
For temperature as a function of (K −[12])0, Figure 3 exhibits a tendency seen previously in van Belle et al. (1999) for giant stars: as TEFF approaches 3600-3700K, the (K − [12])0 color increases rapidly away from the nominal blackbody relationship, indicative of dusty mass loss Le Sidaner & Le Bertre 1996) . The hotter objects in excess of ∼4750K also appear to track rightwards of the blackbody line, also suggesting mass loss from these objects. noted that there appeared to be observational evidence that suggested that, for a given spectral type, supergiants were systematically cooler than their giant star counterparts. To explore this possibility, the data were binned by spectral type as seen in Table 2 . A fit to these binned data is
Effective Temperature versus Spectral Type
with a reduced χ 2 ν of 0.34, where the spectral type ST = −2, . . . 0, . . . 5, 6, . . . 14 corresponding to G8, . . . K0, . . . K5, M0, . . . M8 as in . This fit, the binned data, and the corresponding giant star data from are seen in Figure 4 . The small value of χ is indicative of the large errors for each bin found in Table 2 ; this is possibly traceable to a degree of natural spread found in TEFF within each spectral type. Comparing this fit to the fit in , TEFF = −109 × ST + 4570 K, we find that it is statistically identical: there is no evidence for temperature deviation by spectral type between luminosity classes.
By spectral bin, the absolute average deviation from the fit is ∆T ≈ 140 K, which is substantially smaller than the standard deviations by spectral type bin -on average, ∆T ≈ 400 K -seen in Table 2 (and hence the small value for χ 2 ν ). This large scatter suggests it is impractical to expect any degree of precision in predicting the effective temperature of bright giants and supergiants from their spectral types, and that employing the V − K index is substantively more useful.
Also in Table 2 , for reference, are data points from Levesque et al. (2005) moderate resolution optical spectroscopy. Agreement is good with the exception of the K-type stars. The ambiguity in these particular data points is reflected in the error bars, which are substantially larger than those for the cooler stars published in Levesque et al. (2005) . We have confidence in our numbers because the temperature trend continues to much earlier spectral types.
Linear Radius
Stellar radius is proportional to angular size and distance, R ∝ θLDd, and is plotted in Figure 5 versus (V − K)0, and given by (V − K)0 bin in Table 3 . Unfortunately, due to the large errors in the distance measurements, there is considerable scatter in these data. In fact both the weighted and unweighted radii are presented in Table 3 , to give a sense of any possible Lutz-Kelker bias 1 that may be influencing the results. There are a few class I objects in the range 3.5 < (V − K)0 < 4.5 that do appear unusually small (HD 30178, HD 31220, HD 44033, HD 200576, HD 207991, HD 236915) ; so much so, and in agreement with fit line for the giants, that it is worth considering whether or not these objects have been misclassified 2 . These objects have been excluded from the bins in Table 3 .
However, some features are readily apparent in a qualitative sense: First, the trend is for the luminosity class I and II objects to be, on average, larger than the giants of van Belle et al. (1999) . Second, the luminosity class I objects appear on average to be larger than the class II objects. Both of these qualitative observations are expected from luminosity properties and temperatures of these stars.
Quantitatively, comparing the general trends by (V − K)0 bin in Table 3 , and in van Belle et al. (1999) , we can infer a general rule: for a given (V − K)0 color, a luminosity class I object will be roughly 2× larger than a class II counterpart, just as a class II object will be twice as large as a giant of similar color. This rule appears to be supported by the data over the range of 2.0 < (V − K)0 < 3.5. A simple examination of the implication of this rule for the over luminosities of class I and II objects, compared to the determinations of , show it to be not in perfect agreement: the expectation is that, for a constant temperature by spectral type, the radii should scale by a factor of roughly 4×, not 2×, between the luminosity classes. Again, this disagreement is possibly due to the inaccuracies of the distance measurements for these objects, or possibly outright bias in those distance determinations. As mentioned in §4.3, if there were significant Lutz-Kelker bias for a large portion of the sample, the actual distances would on average be greater than currently indicated.
Finally, the region of phase space occupied by the supergiants from Levesque et al. (2005) appear to be redder and linearly larger than those osberved with PTI. This is consistent with these objects undergoing a higher rate of mass loss, as previously discussed with regards to Figure 3 .
CONCLUSIONS
The 74 bright giants and supergiants presented herein represent a large, homogenous data set exploring the parameters of effective temperature and linear radius for these, the largest of stars. Empirical calibrations for TEFF versus (V − K)0 and TEFF versus spectral type for these stars are established, and is found to be in agreement with similar relationships explored for giant stars. Less meaningful statements can be made about their linear radii, due to the poor quality of distance information for these objects; however, the progression in linear size from giant stars to bright giants to supergiants is consistent with qualitative expectations. Improved distance estimates from upcoming missions such as the Space Interferometry Mission (SIM) (Unwin et al. 2008) or Gaia (Gilmore Table 3 . Linear radii as a function of V 0 − K 0 color for luminosity class I and II stars. Sample size N is given for each luminosity class, along with weighted and (unweighted) averages. The six stars discussed in §4.3 are exempted from this table. 2007) have the potential to greatly leverage this data for additional insight into the fundamental physical nature of these stars.
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